The RNA exosome fulfills important functions in the processing and degradation of numerous RNAs species. However, the mechanisms of recruitment to its various nuclear substrates are poorly understood. Using Epstein-Barr virus mRNAs as a model, we have discovered a novel function for the splicing factor SRSF3 in the quality control of nuclear mRNAs. We have found that viral mRNAs generated from intronless genes are particularly unstable due to their degradation by the nuclear RNA exosome. This effect is counteracted by the viral RNA-binding protein EB2 which stabilizes these mRNAs in the nucleus and stimulates both their export to the cytoplasm and their translation. In the absence of EB2, SRSF3 participates in the destabilization of these viral RNAs by interacting with both the RNA exosome and its adaptor complex NEXT. Taken together, our results provide direct evidence for a connection between the splicing machinery and mRNA decay mediated by the RNA exosome. Our results suggest that SRSF3 aids the nuclear RNA exosome and the NEXT complex in the recognition and degradation of certain mRNAs.
Results
The EB2 protein is not only an mRNA export factor. It has been extensively shown that the viral protein EB2, as well as its homologs from other herpesviruses -ICP27, UL69 and ORF57 -are involved in the cytoplasmic accumulation of viral mRNAs expressed from intronless genes. That EB2 also has a function in nuclear stabilization of its target mRNAs was suggested by the observation that the EB2's target mRNAs are not well accumulated in the cell nucleus in the absence of EB2 49 . To explore this further, cytoplasmic and nuclear RNAs were purified from HEK293 EBV∆BMLF1 cells 40 which contain a recombinant virus defective for the expression of EB2. The relative amounts of several viral mRNAs whose cytoplasmic accumulation was known to be dependent on EB2 (BDLF1, BdRF1 and BFRF3) or not (BMRF1) was then measured, by RT-PCR ( Fig. 1a ). U6 snRNA and ß-actin mRNA were used as controls for the purification efficiency of the nuclear and cytoplasmic mRNAs, respectively. As expected, in the absence of viral reactivation, the viral early (BMRF1) and late (BDLF1, BdRF1 and BFRF3) mRNAs were not expressed. When the viral productive cycle was activated by ectopic expression of the viral transcription factor EB1, the late mRNAs known to be targeted by EB2 were barely detected in the cell cytoplasm but accumulated in the cell nucleus. This nuclear accumulation argues in favor of a role for EB2 in viral mRNA export as has already been reported 34 . However, when EB2 was expressed in the cells, EB2-dependent viral mRNAs SCIenTIfIC REPORTS | (2018) 8:12901 | DOI:10.1038/s41598-018-31078-1 not only accumulated in the cytoplasm as a result of EB2-mediated mRNA export, but their expression was also clearly enhanced in the nucleus. These results suggest that EB2 could play a role in nuclear mRNA stability.
To test this hypothesis, the nuclear stability of an EB2 target mRNA, BDLF1, and a Luciferase reporter mRNA, were compared, in the presence or absence of the EB2 protein. For this, HeLa cells were transfected with the RNAs from HEK293 EBV∆BMLF1 cells transiently transfected as indicated at the top of the figure were submitted to RT-PCR analysis using specific primers to detect cellular U6 snRNA and ß-actin mRNA, or EBV-encoding mRNAs (BDLF1, BdRF1, BFRF3 and BMRF1). The PCR products were loaded on a 2% agarose gel and visualized by ethidium bromide staining. The RT-PCR results were in the linear range of the PCR reaction. Expression of EB2, EB1 and Tubulin proteins expressed in HEK293 EBV∆BMLF1 cells that have been transfected, or not (lane 1), with an EB1 expression plasmid (lane 2), or cotransfected with expression plasmids for both EB1 and EB2 (lane 3) were controlled by western-blotting. * Indicates an unspecific band recognized by the anti-EB2 serum. (b) Schematic representation of the pTRE2-BDLF1 construct which contains the viral gene BDLF1 under the control of the Tet-responsive promoter and the pCMV-RLuc construct which contains the Renilla Luciferase gene, RLuc, under the control of the CMV promoter. (c) (e) (g) and (i) Nuclear and cytoplasmic BDLF1and luciferase mRNAs accumulation: Quantification by RT-qPCR of the nuclear (c and g) and cytoplasmic (e and i) BDLF1 and luciferase mRNA expressed from HeLa cells co-transfected with the pTRE2-BDLF1 construct or the pCMV-RLuc construct without or with an EB2 expression vector (time 0 of the kinetic). Error bars represent the s.d. from three independent experiments (n = 3). ** Indicates P-value of <0.01 and *** indicates P-value of <0.001. (d) (f) (h) and (j) Nuclear and cytoplasmic BDLF1 or luciferase mRNA stability: Relative nuclear (d and h) and cytoplasmic (f and j) BDLF1 or luciferase mRNA level after transcription inhibition (expressed as a percentage of the amount at time point 0) was determined by RT-qPCR from HeLa cells co-transfected with the pTRE2-BDLF1 construct or the pCMV-RLuc construct without or with an EB2 expression vector. Numbers above the panel refer to hours after transcriptional shutoff of the BDLF1 or luciferase intronless gene. Half-lives (t 1/2 ) and s.d were calculated from three independent experiments (n = 3).
SCIenTIfIC REPORTS | (2018) 8:12901 | DOI:10.1038/s41598-018-31078-1 pTRE2-BDLF1 reporter plasmid in which BDLF1's transcription is under the control of doxycycline or the pCMV-Renilla Luciferase reporter plasmid ( Fig. 1b) , together, or not, with an EB2 expression plasmid. 24 h after transfection, the cells were treated either with doxycycline in order to stop transcription of the BDLF1 reporter gene, or with actinomycin D to stop transcription of the Luciferase gene, and both nuclear and cytoplasmic mRNA, purified at different time points, were quantified by RT-qPCR. As expected, at time zero, the BDLF1 and the Luciferase mRNA levels were more important in both the nucleus and the cytoplasm of cells transfected with an EB2 expression vector than in the control cells ( Fig. 1c ,e,g,i). Quantification of BDLF1 and Luciferase mRNAs during the time-course following inhibition of their transcription, revealed that they were much more stable in the nucleus of cells expressing the EB2 protein ( Fig. 1d,h ). In the presence of EB2, the half-life of the reporter mRNAs was increased over four-fold. Interestingly, the half-life of cytoplasmic reporter mRNAs was very similar to that observed for the nuclear mRNA, both in the absence or presence of EB2 ( Fig. 1f,j) . This observation suggests that nuclear export is not likely to be responsible for the reporter mRNA half-life changes observed in the different conditions. Taken together, these results clearly demonstrate that EB2 enhances nuclear mRNA stability of specific transcripts.
The nuclear RNA exosome is involved in the decay of EB2's target mRNAs. Eukaryotic mRNAs contain two features important for their stability: the 5′ 7-methylguanosine cap and the 3′ poly(A) tail. In the cell nucleus, these determinants interact respectively with the cap-binding complex (CBC) and the nuclear poly(A)-binding protein (PABPN1) to protect the transcripts from exoribonucleases and to promote the export of the mRNAs. To initiate mRNA decay, either one of these two structures must be compromised or the mRNA must be cleaved by endonucleolytic attack. Two main pathways have been described for the degradation of nuclear mRNAs: either the 5′cap structure is removed by the decapping enzyme DCP2 thus allowing the mRNA body to be degraded in the 5′-3′ direction by the XRN2 exoribonuclease or the 3′ poly(A) tail is attacked by a large exonuclease complex known as the RNA exosome 51 . In order to determine which of these pathways is responsible for the nuclear decay of intronless mRNAs, expression of specific components of these different machineries was down-regulated using siRNAs. Depletion efficiency of the proteins was determined by western blotting (Fig. 2a,c) . Interestingly, down-regulation of hRRP40, a component of the core RNA exosome complex, induced a net stabilization of the Renilla luciferase reporter mRNA ( Fig. 2b,d ). Down-regulation of either of the two ribonucleases associated with the RNA exosome core complex resulted in only a weak effect (hDIS3/hRRP44) or the absence (hRRP6) of an effect on the RLuc reporter mRNA stability. However, simultaneous down-regulation of the two ribonucleases enhanced the stability of the target mRNA to a level similar to what was seen when hRRP40, the core component of the RNA exosome, was down-regulated ( Fig. 2b ). Taken together, these results indicate first, that the RNA exosome pathway is important for decay of EB2's target mRNAs, and second, that both ribonucleases associated with the RNA exosome core complex are involved in the degradation pathway.
By contrast, when the 5′-3′ decay pathway was down-regulated by siRNAs directed against either DCP2 or XRN2 proteins or both, the stability of the RLuc reporter mRNA was not significally altered compared to what was observed in the case of down-regulation of the RNA exosome pathway ( Fig. 2d ). Thus, nuclear decay of EB2's target mRNAs appears to depend mainly on the action of the nuclear RNA exosome.
The nuclear RNA exosome impacts EBV viral gene expression and virus production. Since RNA exosome depletion has an important effect on the nuclear stability of RLuc intronless mRNA, we asked whether depletion of hRRP40 (one of the core RNA exosome subunits) could also affect the EB2-dependent nuclear accumulation of specific viral mRNAs as well as viral production. For this, expression of the nuclear RNA exosome was down-regulated in the HEK293 EBV∆BMLF1 cell line, by transfection of a siRNA specifically directed against hRRP40 ( Fig. 3a ). 48 h after activation of the viral productive cycle, the viral nuclear and cytoplasmic mRNAs were quantified by RT-qPCR, and viruses produced in the cell culture supernatant were titrated. Interestingly, in the absence of EB2, depletion of the RNA exosome allowed a net nuclear accumulation of the late viral mRNAs BDLF1, BdRF1 and BFRF3, whereas the amount of the BMRF1 early mRNA was not affected (Fig. 3b ). By contrast, in the presence of EB2, depletion of the RNA exosome had only a weak but reproducible effect on late viral nuclear mRNA accumulation. It is interesting to note that these results are very similar to what was observed for the cytoplasmic accumulation of viral mRNAs in cells from which SRSF3 had been depleted ( Fig. 3c ) as already reported 47 . As expected from the cumulative effect on the stabilization of different viral and cellular mRNAs following RNA exosome depletion, virus production was reproducibly higher from cells trans-complemented with EB1 and EB2, when hRRP40 was down-regulated ( Fig. 3d ). However, in the absence of EB2, hRRP40 depletion was clearly not sufficient to allow virus production even though this depletion enhances the nuclear and cytoplasmic accumuation of the late viral mRNAs as shown above in Fig. 3b and c. This absence of virus production could be easily explained by the fact that EB2 is also involved in mRNA export and translation 36, 52 . Taken together, these results suggest that in the absence of the viral protein EB2, the nuclear RNA exosome induces mRNA decay of some viral mRNAs. However, the presence of EB2 counteracts this negative effect of the RNA exosome on these intronless mRNAs.
SRSF3 is involved in viral mRNA stability. Interaction between EB2 and the splicing machinery has
been previously documented 46, 47 and interestingly, we recently found that SRSF3 (SRp20) depletion results in an increase in the cytoplasmic accumulation of EB2's target mRNAs 47 . This suggests that EB2 functions by antagonizing SRSF3 and that the splicing factor SRSF3 might affect mRNA stability. To investigate this possibility, the pTRE2-BDLF1 reporter plasmid was transfected into HeLa cells previously depleted of SRSF3 by siRNA treatment (Fig. 4a ). The amount of nuclear and cytoplasmic BDLF1 mRNA expressed was then quantified by RT-qPCR ( Fig. 4b ,c) and its nuclear stability assessed after addition of doxycycline ( Fig. 4d ). As shown in Fig. 4b ,c, EB2 increased the nuclear and cytoplasmic accumulation of BDLF1 mRNA. Down-regulation of SRSF3 also led to an accumulation of nuclear and cytoplasmic BDLF1 mRNA and this accumulation was slightly affected by co-expression of EB2. However, the cytoplasmic accumulation was less important than the nuclear accumulation because as we have previously shown 47 , SRSF3 is required for the cytoplasmic export of this intronless mRNA. This combined effect of EB2 and SRSF3 could be the consequence of either the presence of residual SRSF3 in cells treated with the siRNA directed against SRSF3 or a slight increase in the expression of EB2 as detected by western blot (Fig. 4a , lane 4) or both. During the time-course study, it appeared that down-regulation of SRSF3 stabilized the BDLF1 mRNA in the nucleus to a level similar to that seen when EB2 was expressed in the cells (Fig. 4d ). These results suggest that EB2 antagonizes the destabilizing effect of SRSF3 on nuclear BDLF1 mRNA. SRSF3 plays an important role in the metabolism of cellular mRNA, especially intronless mRNA. It has been shown that SRSF3 has to be recruited onto the target mRNA to have an effect 47, 48 . In order to demonstrate that SRSF3 is recruited onto its target mRNA, HeLa cells were transfected with a HA-SRSF3 expression vector together with the BDLF1 or Luciferase reporter plasmids. 48 h later, the SRSF3 protein was immunoprecipitated and the presence of the BDLF1 or Luciferase mRNA associated with SRSF3 was analysed by RT-qPCR (Fig. 4e) . The results show that both the BDLF1 and the Luciferase mRNA specifically interact with SRSF3. Taken together, these data suggest that SRSF3, when bound onto its target mRNAs, recruits a complex involved in mRNA degradation.
The splicing factor SRSF3 and the RNA exosome complex are linked in the nuclear mRNA decay of unspliced mRNA. Down-regulation of SRSF3 expression in the cells leads to the stabilization of nuclear mRNAs whose expression are dependent on EB2. Furthermore, we have previously shown that the nuclear RNA exosome pathway is the major contributor to the nuclear mRNA decay observed for EB2's target mRNAs. In order to determine whether SRSF3 and the nuclear RNA exosome function (or not) within the same pathway, the Renilla luciferase and BDLF1 reporter plasmids were transfected into HeLa cells from which the RNA exosome (hRRP40 or hRRP46 core components) or/and SRSF3 were depleted (Fig. 5a ). The nuclear accumulation of the reporter mRNA was then measured 24 h post-transfection ( Fig. 5b) . As expected, depletion of either the nuclear RNA exosome or SRSF3, alone, resulted in an increased accumulation of the reporter mRNAs. However, co-depletion of either SRSF3 and hRRP40 or SRSF3 and hRRP46, did not further increase the amount of accumulated nuclear mRNA, suggesting that there was no additive effect for the co-depletion of both complexes. This result argues in favour of the hypothesis that SRSF3 and the RNA exosome complex are in the same pathway and suggests that SRSF3 could aid in the recruitment of the nuclear RNA exosome onto the target mRNAs.
To assay for a possible association between SRSF3 and the RNA exosome in vivo, each Flag-tagged subunit of the RNA exosome expressed in HeLa cells was immunoprecipitated, and co-purification of SRSF3 was assessed by western blotting. hRRP6, one of the ribonucleases associated with the core RNA exosome, was used as a positive control. These analyses revealed that SRSF3 was co-immunoprecipitated with each subunit of the RNA exosome ( Fig. 6a ), suggesting an association of SRSF3 with the RNA exosome. This interaction did not require the presence of RNA since SRSF3 still co-immunoprecipitated with the hMTR3 subunit of the RNA exosome following RNase treatment (Fig. 6b,c) . In order to be certain that SRSF3 was not unspecifically immuno-precipitated, a control IP experiment using a non-specific IgG antibody was performed. The result, presented in Fig. S1 , shows that neither the Flag-tagged transfected proteins nor SRSF3 were immuno-precipitated by the control antibody. Taken together, our findings indicate that SRSF3 associates, either directly or indirectly, with the RNA exosome complex in cells. The RNA exosome consists of a catalytically inactive nine-subunit core that acquires its ribonucleolytic activity through its association with the two subunits, hRRP6 and hDIS3/hRRP44. Although active in vitro, the RNA exosome complex requires appropriate adaptors to be fully functional in vivo. Different subtypes of adaptors like the hTRAMP and NEXT complexes have been described in the nucleus of mammalian cells. These adaptors direct the RNA exosome to its target substrates, are specific for discrete processing/degradation pathways and can even recognize specific RNA features. We thus asked whether the RNA exosome could be recruited to SRSF3 by one of these adaptors. Interestingly, when Flag-tagged versions of each hTRAMP subunit were individually expressed along with HA-SRSF3 in HeLa cells, none of these hTRAMP components was able to pull down SRSF3 (Fig. 6d ). However, the same experiment made with individual subunits of the NEXT complex showed that RBM7 co-precipitated with SRSF3 ( Fig. 6e ). This association was resistant to RNase treatment ( Fig. 6f ) and was also found in the reverse experiment in which HA-SRSF3 was immunoprecipitated ( Fig. 6g ). Taken together, these results show that SRSF3 interacts with both the RNA exosome and the NEXT complex and suggest that the nuclear RNA exosome can be recruited onto specific target mRNAs by SRSF3 via its association with the NEXT complex. In order to confirm this hypothesis, the NEXT subunits, RBM7 and ZCCHC8, were depleted from cells using specific siRNAs, and the exosome subunit hMTR3 immunoprecipitated to determine whether SRSF3 was still associated with the RNA exosome ( Fig. 6h ). As expected, immunoprecipitation of the RNA exosome complex (through its hMTR3 subunit) allowed co-immunoprecipitation of SRSF3 together with the NEXT components, RBM7 and ZCCHC8. However, when expression of RBM7 and ZCCHC8 was downregulated, co-immunoprecipitation of SRSF3 with the RNA exosome complex (again through its hMTR3 subunit) was greatly impaired. It has to be noted that downregulation of the NEXT subunits (RBM7 and ZCCHC8) induces a decrease in the level of SRSF3, further suggesting that NEXT and the SRSF3 protein are linked. Taken together, these results argue strongly in favor of a direct interaction between SRSF3 and the NEXT subunit RBM7 and suggest that the interaction between SRSF3 and the RNA exosome is mediated by RBM7.
Functional implications of the SRSF3 and RNA exosome interaction.
In order to study the functional relevance of the interactions we had found between the SR protein SRSF3 and the RNA exosome, we then assessed the effect of depletion of various components of these complexes on the steady-state levels of our reporter mRNAs. For this purpose, HeLa cells were treated with siRNAs targeting either (i) the RNA exosome core subunit hRRP40, (ii) the SRSF3 protein, (iii) the NEXT complex subunits RBM7 and ZCCHC8, or (iv) the RNA helicase hMTR4.
Knockdown efficiencies were controlled by western blotting analyses (Fig. 7a ) and by quantification of a specific ncRNA known to be degraded by the RNA exosome and the NEXT complex, the PROMPT pro-EXT1 (Fig. 7b) 27 . As shown previously, RT-qPCR analyses revealed that the level of RLuc and BDLF1 mRNAs increased upon depletion of hRRP40 and SRSF3 (Fig. 7b ). Depletion of hMTR4 also led to an increase in mRNA accumulation similar to that observed with the depletion of SRSF3 or the RNA exosome. RBM7 or ZCCHC8 down-regulation also led to an increased accumulation of the reporter mRNA, but their impact was not as efficient as the down-regulation of hMTR4 or SRSF3. It is important to note that the downregulation of RBM7 and ZCCHC8 was not as efficient as the downregulation of SRSF3. However, down-regulation of hMTR4 and SRSF3 also decreased the expression level of both RBM7 and ZCCHC8 (Fig. 7a) , which might explain why the depletion of these two factors had a stronger impact. In summary, the data collectively suggest that SRSF3, the NEXT complex and the RNA exosome are linked in the process of nuclear mRNA decay.
The observation that SRSF3's depletion impacts on RBM7, ZCCHC8 and hMTR4 levels (Fig. 7a) suggests that a strong link exists between the NEXT complex and the SR protein, SRSF3. In order to demonstrate that these results were not due to an off-target effect of the specific siRNA used, we repeated the experiments with two other independent siRNAs targeting SRSF3 and obtained similar results (Fig. S2) . In order to prove that the effect seen at the protein level was not the result of an effect of SRSF3 on hMTR4 stability or splicing, both the amount and the integrity of the hMTR4 mRNA were controlled by RT-PCR in cells treated with the siRNA directed against SRSF3. From this analysis we concluded that downregulation of SRSF3 does not significatively affect the expression level or splicing of hMTR4 mRNA (Fig. S2 ). This argues in favor of a direct impact of SRSF3 on the stability of the hMTR4 protein. This observation could suggest that SRSF3 exerts its effect on the stability of intronless mRNAs via a downregulation of hMTR4 expression. To test this hypothesis, we analyzed, by RT-qPCR, the stability of the BDLF1 and Luciferase reporter genes in cells overexpressing hMTR4 -and in which SRSF3 was first downregulated (Fig. 7d ). As previously found, downregulation of SRSF3 impacted hMTR4, RBM7 and ZCCHC8 expression levels. However, in these conditions, overexpression of hMTR4 did not rescue the expression level of RBM7 and ZCCHC8 (Fig. 7c) . Moreover, the RLuc and BDLF1 mRNAs accumulated in the cell nucleus at similar (g) HA-SRSF3 and RBM7 Flag-tagged NEXT subunit were expressed by transient transfection in HeLa cells as indicated. Cellular extracts were immunoprecipitated with an anti-Flag antibody (f) or with an anti-HA antibody (g) in the presence or absence of RNase A. The immunoprecipitated complexes were then analyzed by western blotting using an anti-Flag polyclonal antibody (g) or an anti-HA antibody (f). (h) HA-SRSF3 was expressed by transient transfection in HeLa cells previously treated with control or specific siRNAs for the NEXT complex, either alone or together with the hMTR3 Flag-tagged RNA exosome subunit. Cellular extracts were immunoprecipitated with an anti-Flag antibody in the presence or absence of RNase A. The immunoprecipitated complexes were then analyzed by western blotting using an anti-Flag polyclonal antibody to visualize hMTR3 (top panel), anti-RBM7 or anti-ZCCHC8 antibodies (middle panels), or an anti-HA antibody to detect SRSF3 (bottom panel). * indicates non-specific bands.
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Finally, in order to determine whether the link between the SR protein SRSF3 and the RNA exosome is specific for SRSF3, the expression of two other SR proteins, SRSF1 (ASF/SF2) and SRSF7 (9G8), was down-regulated and the level of the NEXT complex components assessed by western blot (Fig. 7e) . SRSF3 was the only protein of the three whose down-regulation was able to disturb the expression of NEXT complex components. This suggests that SRSF3 makes a specific contribution to mRNA decay that other SR proteins do not.
Discussion
In this study, we demonstrate that some mRNAs synthesized from intronless genes -which is the case for most herpesviruses mRNAs produced during the viral productive cycle -are unstable and are degraded in the nucleus. We also show that the splicing factor SRSF3 is involved in the nuclear destabilization of these intronless mRNAs by the RNA exosome. The RNA exosome complex is recruited onto the target mRNAs by the NEXT complex associated with SRSF3 via its RBM7 component. In addition, SRSF3 appears to play an important role in the stabilization of the NEXT complex. The interaction between the NEXT complex, the RNA exosome and the SRSF3 protein suggests that the mRNA degradation machinery is co-transcriptionally recruited onto the mRNA. Herpesvirus mRNAs synthesized from intronless genes, inefficiently accumulate in the cytoplasm in the absence of a specific viral protein 40, 53, 54 . In the case of EBV, viral mRNAs synthesized from intronless genes, not only accumulate in the cytoplasm but are also stabilized in the cell nucleus. However, it is surprising to observe that the BDLF1 mRNA accumulates in the cytoplasm, although its nuclear half-life is over 7 hours. In effect, it should not be expected to stay in the nucleus for such a long period if it is efficiently exported by EB2. This suggests that EB2 has only a minor role in mRNA export and that its major function is to stabilize its target mRNAs. It has been shown that some RNA molecules can spend hours in the nucleus before being exported to the cytoplasm. mRNA nuclear retention can effectively buffer the burst of mRNA transcription which could induce temporal fluctuations in the level of cytoplasmic mRNA 55 . Since, in our assay, the BDLF1 gene is under the control of a very strong promoter, we can hypothesize that the high level of BDLF1 mRNA produced may be retained in the nucleus and protected from nuclear degradation when EB2 is expressed.
Based on our findings, we propose a novel model for the coupling between pre-mRNA splicing and nuclear RNA quality control revealed by our study on the function of the EBV protein EB2 (Fig. 8 ). In the absence of EB2 expression, the SR protein SRSF3 loaded onto the viral mRNAs expressed from intronless genes, recruits the splicing machinery and the NEXT complex together with the nuclear RNA exosome, leading to the destabilization of the mRNAs and their decay. By contrast, when EB2 is expressed, it interacts with SRSF3 46, 47 , hence preventing the nuclear RNA exosome's access to the mRNAs that are then protected from the degradation machinery. However, overexpression of EB2 does not appear to inhibit the interaction between SRSF3 and the NEXT complex suggesting that EB2 and RBM7 do not interact with the same domain of SRSF3. Another way in which EB2 could interfere with RNA exosome recruitment, could be by changing the ability of the SRSF3/NEXT complex loaded onto the mRNA, to interact with the RNA exosome. Concomitantly, the interaction between EB2 and the TAP-NXF1/ p15 complex favors mRNAs export from the nucleus 42 and their translation in the cytoplasm 36, 52 .
Interestingly, our present work demonstrating the implication of specific components of the spliceosome (i. e. SRSF3) and the RNA exosome in the nuclear degradation of intronless RNAs extends a previous work from Bresson et al. showing that the nuclear poly(A)-binding protein and the exosome are also implicated in the nuclear degradation of intronless RNAs 56 .
As discussed above, our work provides evidence of an interaction between SRSF3 and the NEXT complex. In this context, it is noteworthy that depletion of SRSF3 induces a concomitant depletion of all three components of the NEXT complex -RBM7, ZCCHC8 and hMTR4. Similarly, depletion of MTR4 correlates with a depletion of both RBM7 and ZCCHC8. Taken together, these observations suggest that SRSF3 contributes to the stabilization of the NEXT complex, hence also increasing the stability of its components. However, from In the absence of EB2, the association of the splicing factor SRSF3 to newly synthesized mRNAs led to the recruitment of the RNA exosome via the NEXT complex, and consequently to their degradation in the nucleus. In the presence of EB2, EB2 stabilizes these intronless mRNAs in the nucleus and then allow their export to, and translation, in the cytoplasm. our results, it would appear that the depletion of hMTR4 is complete when SRSF3 is downregulated. This is surprising since only a fraction of the hMTR4 protein pool is expected to be associated with the NEXT complex. In effect, in human cells, the hMTR4 RNA helicase which is required for all activities of the nuclear RNA exosome 22 is associated with the NEXT, PAXT and hTRAMP complexes. However, the antibody used in our assays to detect hMTR4 is not very efficient and only detects hMTR4 expressed at a high level. The level of remaining hMTR4, following SRSF3 depletion, is probably insufficient to be detected by the antibody. Nevertheless, the modification of the protein level of the different components of the NEXT complex observed when SRSF3 is depleted, argues in favor of the formation of a stable complex between SRSF3 and NEXT and comforts the hypothesis that SRSF3 plays an important role in RNA exosome activity. In addition, the recently published results of independent proteomics analysis 21, 22, 27 demonstrating that RBM7, ZCCHC8, hMTR4 and SRSF3 co-purify, completely support our conclusion that SRSF3 interacts with the NEXT complex and not only with RBM7, outside of the NEXT context.
In the cell nucleus, several types of coding and non-coding RNAs are synthesized and processed. To ensure the survival of cells, only functional competent RNAs must be produced. All the aberrant and inproperly processed transcripts have to be recognized and degraded by RNA quality control mechanisms 57, 58 . mRNA expression is the result of a coupling between transcription by RNA polymerase II and pre-mRNA processing reactions such as 5′-end capping, splicing, 3′-end maturation and mRNP formation. All these events can affect the localization, translation and degradation of the mRNA. Recent data have shown that the 5′cap of the mRNA associated with the cap-binding complex (CBC) is a type of hub that mediates key events in the life of the mRNA 59, 60 . Indeed, as recently demonstrated, the CBC is very important both for the recruitment of the mRNA export machinery and the recruitment of the RNA exosome through the NEXT complex 27, 61 , suggesting a direct link between mRNA 5′-end capping and nuclear RNA surveillance. Interestingly, it has also been shown that the CBC is necessary, although not sufficient, for co-transcriptional spliceosome assembly in yeast 62 . This demonstration of an essential link between the CBC and spliceosome assembly indicates that 5′-end capping couples transcription to pre-mRNA splicing and probably also to mRNA decay via recruitment of the RNA exosome by specific splicing factors. Our results support a direct coupling between the splicing and the mRNA degradation machineries. Thus, in addition to the recruitment of NEXT by the CBC complex, there appears to be an alternative mode of recruitment of the nuclear RNA exosome involving specific spliceosome components.
Materials and Methods
Plasmids. pCMV-Renilla Luciferase, pCMV-HA-SRSF3, pCMV-EB1, pCI-Flag-EB2 and pCMV-BDLF1 have been described elsewhere 34, 36, 40, 47 . For pTRE2-BDLF1, the EBV BDLF1 CDS was amplified by PCR and cloned into the BamHI and XbaI sites of the pTRE2 expression plasmid (Clontech). The pTet-On vector was supplied by Clontech (Tet-Off and Tet-On gene expression systems). Individual Flag-tagged RNA exosome components, hTRAMP and NEXT subunits were a generous gift from Drs Frederick W. Alt and Torben Heick Jensen 21, 63 . All plasmid sequences are available upon request.
Cell culture and transfections. HeLa cells were grown at 37 °C in DMEM supplemented with 10% Foetal Bovine Serum (FBS) and penicillin-streptomycin. HEK293 EBV∆BMLF1 cells 40 were maintained in DMEM supplemented with 10% FBS, penicillin-streptomycin and hygromycin B (100 µg/ml). Raji cells were maintained in RPMI supplemented with 10% FBS and penicillin-streptomycin. 48 h prior to DNA transfection, siRNAs were transfected using INTERFERin transfecting reagent (Polyplus-transfection) at 20 nM final concentration, following the manufacturer's instructions (see Table S1 of Supplementary Data for the list of siRNAs used). Plasmid transfections were performed using cationic polymers (jetPEI from Polyplus-transfection) as specified by the manufacturer and 24 h or 48 h after DNA transfection, cells were collected for further analysis.
Virus production and titration. HEK293 EBV∆BMLF1 cells were transfected with pCMV-EB1 in order to activate the viral productive cycle. Cell supernatants were harvested 48 h post-transfection and filtered through a 0.45 -µm pore size filter. Raji cells (1 × 10 5 ) were incubated with 1 ml of cell supernatant for 6-8 h at 37 °C in a 24-well plate. Cells were then washed, re-suspended in 1 ml of RPMI supplemented with 10% FBS and penicillin-streptomycin and incubated for an additional 72 h at 37 °C. GFP-expressing Raji cells were quantified by FACS analysis.
Pulse-chase mRNA decay assays. HeLa cells were transfected in 60 mm dishes with the pTet-On vector and the pTRE2-BDLF1 plasmid. 24 h after transfection, 1 μg/ml of doxycycline (Sigma-Aldrich) was added to repress transcription. Cells were then harvested at the time points indicated in individual experiments. Actinomycin D treatment of HeLa cells was performed using 5 μg/ml of actinomycin D (Sigma-Aldrich).
RNA extraction and RT-qPCR analysis.
Nuclear and cytoplasmic RNAs extraction were performed as previously described 36 and reverse-transcribed using the qScript cDNA Synthesis Kit (Quanta BioSciences). Standard PCRs were performed using GoTaq DNA polymerase (Promega) and the PCR-amplified fragments analyzed on 2% agarose gels. All PCR reactions were made using several dilutions of the RT products in order to insure that the RT-PCR results were in the linear range of the PCR reaction. We used ß-actin mRNA and U6 snRNA as internal controls. qPCRs were performed using FastStart Universal SYBR Green Master (Rox) (Roche) on an Applied Biosystems 7000 thermocycler. Cycling conditions were 5 min at 95 °C and 45 cycles of 15 s at 95 °C, 30 s at 60 °C on a 96-well thermoblock. This program was followed by melting curve analysis in order to verify the specificity of the PCR products. PCR results were normalized with the parallel amplification of GAPDH mRNA. The various set of primers used in the study are listed in Table S2 of Supplementary Data.
